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ÂËÈßÍÈÅ ÄÎÁÀÂÊÈ ÍÀÍÎÄÈÑÏÅÐÑÍÎÃÎ Li3N ÍÀ
ÝËÅÊÒÐÎÕÈÌÈ×ÅÑÊÈÅ ÑÂÎÉÑÒÂÀ ÏÎËÈÌÅÐÍÎÃÎ
ÝËÅÊÒÐÎËÈÒÀ
Ï.À. Ãîëóáåâ, Ã.Ç. Òóëèáàåâà*, Í.È. Øóâàëîâà*, Î.Â. ßðìîëåíêî*
(Ôèçèêî-õèìè÷åñêèé ôàêóëüòåò Ìîñêîâñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà
èì. Ì.Â. Ëîìîíîñîâà)

Ïîëèìåðíûå ýëåêòðîëèòû ÿâëÿþòñÿ âàæíûì êîìïîíåíòîì ðàçëè÷íûõ ýëåêòðîõèìè÷åñêèõ
ïðèáîðîâ  (ýëåêòðîõðîìíûå äèñïëåè, ýëåêòðîëþìèíåñöåíòíûå ïðèáîðû) è â ïåðâóþ î÷åðåäü
íàèáîëåå ïåðñïåêòèâíûõ ëèòèåâûõ àêêóìóëÿòîðîâ. Çàìåíà æèäêîãî îðãàíè÷åñêîãî ýëåêòðî-
ëèòà íà òâåðäûé ïîëèìåðíûé ýëåêòðîëèò â ëèòèåâûõ àêêóìóëÿòîðàõ ðàñøèðÿåò ñôåðó èõ
ïðèìåíåíèÿ îò ïèòàíèÿ ìèêðîýëåêòðîíèêè äî ýëåêòðîäâèãàòåëåé.

Ïîëó÷åíèå ïîëèìåðíîãî ýëåêòðîëèòà ñ âûñîêèìè
ýëåêòðîõèìè÷åñêèìè ïîêàçàòåëÿìè ÿâëÿåòñÿ âàæíîé
íàó÷íîé çàäà÷åé. Äëÿ ýòîãî êðîìå âàðüèðîâàíèÿ ðàç-
ëè÷íûõ ïîëèìåðíûõ ìàòðèö èñïîëüçóþò ìåòîä ìîäè-
ôèêàöèè ñîñòàâà ýëåêòðîëèòà, ò.å. èñïîëüçóþò äîáàâ-
êè ðàçëè÷íîé ïðèðîäû (îðãàíè÷åñêèå è íåîðãàíè÷åñ-
êèå) è â ðàçëè÷íîì ôàçîâîì ñîñòîÿíèè (æèäêèå è
òâåðäûå).

Ïðîâîäèìîñòü ïðàêòè÷åñêè ïîëåçíûõ ïîëèìåðíûõ
ýëåêòðîëèòîâ äîëæíà ïðåâûøàòü 10–5 Ñì/ñì ïðè êîì-
íàòíîé òåìïåðàòóðå. Â ðàáîòàõ [1–6] áûëà ïðåäëîæå-
íà è ðàçâèòà êîíöåïöèÿ óëó÷øåíèÿ ôèçèêî-õèìè÷åñ-
êèõ ñâîéñòâ ïîëèìåðíûõ ýëåêòðîëèòîâ äîáàâêàìè
òîíêîèçìåëü÷åííûõ ïîðîøêîâ Al2O3, LiAlO2, SiO2,
TiO2 è äð. Àâòîðû [6] ìîäèôèöèðîâàëè ïîëèìåðíûé
ýëåêòðîëèò íà îñíîâå ïîëèýòèëåíîêñèäà òîíêîäèñïåð-
ñíûìè ïîðîøêàìè Al2O3 ñ ðàçìåðîì ÷àñòèö 1 è 10–3

ìêì. Ïðè ñðàâíåíèè äîáàâîê êåðàìè÷åñêèõ ïîðîøêîâ
ñ ðàçëè÷íûìè ðàçìåðàìè (ìåíåå 10 ìêì è íàíî÷àñ-
òèö 10–2 ìêì) íàéäåíî, ÷òî íàíî÷àñòèöû ïîâûøàþò
ïðîâîäèìîñòü íà ïîðÿäîê áîëüøå, ÷åì ÷àñòèöû ðàç-
ìåðîì 10 ìêì.

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èçó÷åíèå âëèÿíèÿ
äîáàâêè Li3N íà ôèçèêî-õèìè÷åñêèå ñâîéñòâà ïîëè-
ìåðíîãî ãåëü-ýëåêòðîëèòà (ÏÃÝ) íà îñíîâå ïîëèýôèð-
äèàêðèëàòà [7].

Li3N ÿâëÿåòñÿ òâåðäûì êðèñòàëëè÷åñêèì âåùå-
ñòâîì, íåóñòîé÷èâûì íà âîçäóõå (íèòðèä ëèòèÿ áûñ-
òðî ðåàãèðóåò ñ ìîëåêóëàìè âîäû ñ îáðàçîâàíèåì
àììèàêà). Li3N – îäèí èç íàèáîëåå èçâåñòíûõ è ïåðñ-
ïåêòèâíûõ ìàòåðèàëîâ ñ âûñîêîé èîííîé ïðîâîäèìîñ-
òüþ, êîòîðàÿ ñîñòàâëÿåò 10–4 Ñì/ñì ïðè 25°Ñ [8].

Ðàíåå íàìè áûëî ïîêàçàíî [9], ÷òî ïðèñóòñòâèå
íèòðèäà ëèòèÿ íà ïîâåðõíîñòè ëèòèåâîãî àíîäà óìåíü-
øàåò ñîïðîòèâëåíèå ïåðåíîñà çàðÿäà íà ãðàíèöå ëè-
òèé/ïîëèìåðíûé ýëåêòðîëèò. Ïîýòîìó èçó÷åíèå äàííî-
ãî ñîåäèíåíèÿ â êà÷åñòâå äîáàâêè ê ïîëèìåðíîìó
ýëåêòðîëèòó è åãî âëèÿíèå íà ýëåêòðîõèìè÷åñêèå
ñâîéñòâà ñàìîãî ïîëèìåðíîãî ãåëü-ýëåêòðîëèòà è åãî
ãðàíèöû ñ Li (ìåòàëë) ïðåäñòàâëÿåò èíòåðåñ.

Â äàííîé ðàáîòå íèòðèä ëèòèÿ áûë ïîëó÷åí ïðè äåé-
ñòâèè ñóõîãî àçîòà íà ìåòàëëè÷åñêèé ëèòèé â òå÷åíèå 5
÷àñîâ ïðè 100°Ñ. Ðåíòãåíîôàçîâûé àíàëèç îáðàçöîâ
ïðîâîäèëè íà ïðèáîðå ARL X’TRA Thermo Electron ñ
èñïîëüçîâàíèåì Cu Ka1/Ka2 èçëó÷åíèÿ ñ ïîëóïðîâîä-
íèêîâûì äàò÷èêîì Peltier íà q–q-ãåîìåòðèè ñúåìêè.
Àíàëèç ïîëó÷åííîé ðåíòãåíîãðàììû ïîêàçàë, ÷òî îá-
ðàçåö ñîäåðæèò 93,7% Li3N. Èçìåëü÷åíèå Li3N ïðî-
âîäèëè íà øàðîâîé ìåëüíèöå (Pulurisette 6 ôèðìû
FRITSCH, ïðîèçâ. Ãåðìàíèÿ) â àòìîñôåðå àðãîíà.
Ðàçìåð ÷àñòèö ñîñòàâèë 100 íì.

Çàòåì áûëè ïðèãîòîâëåíû òîíêèå ïëåíêè ïîëè-
ìåðíîãî ãåëü-ýëåêòðîëèòà íà îñíîâå 20 ìàñ.% ïî-
ëèýôèðäèàêðèëàòà [7] è 1 Ì ðàñòâîðà LiClO4 â
ñìåñè ïðîïèëåíêàðáîíàò/γ-áóòèðîëàêòîí (1:1 ïî ìàñ-
ñå) ñ ââåäåíèåì 0,5 ìàñ.%, è 1,0 ìàñ.% ìåëêîäèñ-
ïåðñíîãî ïîðîøêà Li3N. Â îòëè÷èå îò èñõîäíûõ
ïðîçðà÷íûõ ïëåíîê, ïëåíêà ñ äîáàâëåíèåì Li3N
áûëà òåìíàÿ ñ âêðàïëåíèÿìè íåîðãàíè÷åñêîãî íà-
ïîëíèòåëÿ.

Ïðèãîòîâëåííûå ïëåíêè ãåëü-ýëåêòðîëèòà áûëè èñ-
ñëåäîâàíû ìåòîäîì ýëåêòðîõèìè÷åñêîãî èìïåäàíñà â
äèàïàçîíå ÷àñòîò îò 12 äî 105 Ãö ïðè àìïëèòóäå èç-
ìåðèòåëüíîãî ñèãíàëà 10 ìÂ, èñïîëüçóÿ “Impe-

*Èíñòèòóò ïðîáëåì õèìè÷åñêîé ôèçèêè ÐÀÍ; e-mail: oyarm@icp.ac.ru).
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17 ÂÌÓ, õèìèÿ, ¹ 6

Ðèñ. 1. Ýêâèâàëåíòíàÿ ñõåìà ýëåêòðîõèìè÷åñêîé ÿ÷åéêè ñ îáðà-
òèìûìè ýëåêòðîäàìè, ãäå Re – îáúåìíîå ñîïðîòèâëåíèå ýëåêò-
ðîëèòà, RF – ñîïðîòèâëåíèå ïåðåíîñà çàðÿäà, Cdl – åìêîñòü
äâîéíîãî ñëîÿ, RÀ – ñîïðîòèâëåíèå àäñîðáöèè, CÀ – åìêîñòü

àäñîðáöèè, ZW – èìïåäàíñ äèôôóçèè

Ðèñ. 2. Ñïåêòðû èìïåäàíñà ïîëèìåðíîãî ãåëü-ýëåêòðîëèòà â ñèì-
ìåòðè÷íîé ÿ÷åéêå Li/ÏÃÝ/Li ïðè êîìíàòíîé òåìïåðàòóðå ñ äîáàâ-
êîé: 1 – áåç äîáàâêè íèòðèäà ëèòèÿ; 2. – ñ äîáàâëåíèåì 0,5 ìàñ.%

íèòðèäà ëèòèÿ; 3. – ñ äîáàâëåíèåì 1,0% íèòðèäà ëèòèÿ

dancemeter Z-350m” ôèðìû “Elins” (Ðîññèÿ) â ñèì-
ìåòðè÷íûõ ÿ÷åéêàõ ñ äâóìÿ ëèòèåâûìè ýëåêòðîäàìè.
Âñå îïåðàöèè ñ íèòðèäîì ëèòèÿ è ñ ìåòàëëè÷åñêèì
ëèòèåì ïðîâîäèëè â ñóõîì àðãîíîâîì ïåð÷àòî÷íîì
áîêñå. Ãîäîãðàôû èìïåäàíñà îáðàáàòûâàëè â ñîîò-
âåòñòâèè ñ ìîäåëüþ àäñîðáöèîííîé ðåëàêñàöèè äâîé-
íîãî ýëåêòðè÷åñêîãî ñëîÿ (ðèñ. 1), ïðåäëîæåííîé
Å.À. Óêøå è Á.Ì. Ãðàôîâûì [10]. Ïîëó÷åííûå ñïåê-
òðû èìïåäàíñà ïðåäñòàâëåíû íà ðèñ. 2. Ðàñ÷åò ïàðà-
ìåòðîâ ýêâèâàëåíòíîé ñõåìû ïðîâîäèëè ñ ïîìîùüþ
ïðîãðàììû ZView2. Äëÿ íà÷àëà ðàñ÷åòà íåîáõîäèìî
çàäàòü Re – îáúåìíîå ñîïðîòèâëåíèå ýëåêòðîëèòà, êî-
òîðîå ìîæíî îïðåäåëèòü èç ýêñïåðèìåíòàëüíîãî ãî-

äîãðàôà. Íà ðèñ. 2 âèäíî, ÷òî ãîäîãðàô ïðåäñòàâëÿåò
ñîáîé ïîëóîêðóæíîñòü. Íà÷àëî ïîëóîêðóæíîñòè (ïðè
âûñîêèõ ÷àñòîòàõ – 350 êÃö) íà îñè îðäèíàò è ÿâëÿ-
åòñÿ Re.  Äàëåå ïðè ôèêñèðîâàííîì Re ïðîãðàììà
ðàññ÷èòûâàåò îñòàëüíûå ïàðàìåòðû ýêâèâàëåíòíîé
ñõåìû. Ïîñëå ðåçóëüòàòîâ ïåðâîãî ðàñ÷åòà ôèêñèðó-
åòñÿ RF – ñîïðîòèâëåíèå ïåðåíîñà çàðÿäà, êîòîðîå
îïðåäåëÿåòñÿ ñ íàèìåíüøåé îøèáêîé. Äëÿ óòî÷íåíèÿ
îñòàëüíûõ ïàðàìåòðîâ ôèêñèðóåòñÿ Re è RF. Ïîñòå-
ïåííî ôèêñèðóÿ î÷åðåäíîé ïàðàìåòð, íàõîäèì óòî÷-
íåííûå çíà÷åíèÿ îñòàëüíûõ ñîñòàâëÿþùèõ ýêâèâàëåí-
òíîé ñõåìû. Ðåçóëüòàòû ðàñ÷åòîâ èìïåäàíñà ïî ïðî-
ãðàììå ZView2 ïðèâåäåíû â òàáëèöå.
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¹ Êîëè÷åñòâî 
Li3N, % 

Òîëùèíà 
ïëåíêè, ñì σóä, Ñì/ñì RF, 

Îì·ñì2 

1 0 0,021 8,75·10−4 281 

2 0,5 0,033 2,10·10−3 434 

3 1,0 0,020 8,8·10−4 772 

Óäåëüíàÿ ïðîâîäèìîñòü è ñîïðîòèâëåíèå ïåðåíîñà çàðÿäà
ãåëü-ýëåêòðîëèòîâ â çàâèñèìîñòè îò äîáàâêè Li3N ïðè 20°Ñ
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Ïîñòóïèëà â ðåäàêöèþ 10.07.08

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå ÐÔÔÈ (ïðîåêò ¹ 06-03-32520).

Èç òàáëèöû âèäíî, ÷òî ââåäåíèå 0,5 ìàñ.% ìåëêî-
äèñïåðñíîãî Li3N óëó÷øàåò îáúåìíóþ ïðîâîäèìîñòü
ïîëèìåðíîãî ýëåêòðîëèòà â 2,4 ðàçà, à äàëüíåéøåå
óâåëè÷åíèå (1,0 ìàñ.%) Li3N íå èçìåíÿåò ýòó õàðàê-
òåðèñòèêó. Ýòî ìîæíî îáúÿñíèòü òåì, ÷òî ïðè ââåäå-

íèè íåáîëüøîãî êîëè÷åñòâà Li3N (0,5 ìàñ.%) òðàíñ-
ïîðò èîíîâ ëèòèÿ îáëåã÷àåòñÿ çà ñ÷åò âîçíèêíîâåíèÿ
íîâûõ ïóòåé äëÿ äâèæåíèÿ Li+. Ïðè óâåëè÷åíèè êîëè-
÷åñòâà äàííûõ ÷àñòèö (äî 1 ìàñ.%) ýòîò ýôôåêò íè-
âåëèðóåòñÿ, ò.å. ïðè îäíîâðåìåííîì âîçíèêíîâåíèè íî-
âûõ ïóòåé äëÿ òðàíñïîðòà Li+ ñëèøêîì áîëüøîå êîëè-
÷åñòâî íàíîðàçìåðíûõ ÷àñòèö ìåøàþò äâèæåíèþ
èîíîâ ëèòèÿ. Ñîïðîòèâëåíèå ïåðåíîñà çàðÿäà íà ãðà-
íèöå ïîëèìåðíûé ãåëü-ýëåêòðîëèò/ Li â îáîèõ ñëó÷àÿõ
óâåëè÷èâàåòñÿ.

Òàêèì îáðàçîì, ìîæíî ñäåëàòü âûâîä, ÷òî ââåäå-
íèå íàíîäèñïåðñíûõ ÷àñòèö Li3N â ñîñòàâ ïîëèìåðíî-
ãî ãåëü-ýëåêòðîëèòà îáëåã÷àåò òðàíñïîðò èîíîâ ëèòèÿ
âíóòðè ïîëèìåðíîé ìàòðèöû, ïðè îïòèìàëüíîé êîí-
öåíòðàöèè 0,5 ìàñ.% (â 2,4 ðàçà). Íà ãðàíèöå ñ ìå-
òàëëè÷åñêèì ëèòèåì, íàîáîðîò, äîáàâêà Li3N óâåëè-
÷èâàåò ñîïðîòèâëåíèå ïåðåíîñà çàðÿäà â 1,5 ðàçà, ÷òî
ãîâîðèò î çàòðóäíåíèè ýëåêòðîõèìè÷åñêîé ðåàêöèè
Li+ + e ↔ Li â ïðèñóòñòâèè Li3N.

INFLUENCE OF FINE-DISPERSED LI3N ADDITIVE ON
ELECTROCHEMICAL PROPERTIES OF POLYMER ELECTROLYTE
P.À. Golubev, G.Z. Tulibaeva, N.I. Shuvalova, O.V. Yarmolenko
(Institute of Problems of Chemical Physics RAS, e-mail: oyarm@icp.ac.ru)

Influence of additives fine-dispersed powder Li3N on electrochemical properties polymer gel-
electrolyte and its interface with metal Lithium is investigated. Lithium nitride was received by
reaction of dry nitrogen with metal Lithium within 5 hours at 100 °Ñ, and then it was crushed on
a spherical grinding mill in an inert atmosphere. The size of particles has made 100 nanometers.
Dependence of an electrochemical impedance of polymer electrolyte on the added amount of fine-
dispersed powder of Li3N – 0,5 w/w% and 1,0  w/w% was measured. It is found, that introduction
0,5 w/w% Li3N improves volume conductivity of polymer electrolyte in 2,4 times, but further
increase amount of Li3N (1,0 w/w%) does not change this characteristic. On interface with metal
Lithium, on the contrary, Li3N- additive increases charge transfer resistance in 1,5 times that
speaks about difficulty of electrochemical reaction Li+ + e ↔  ↔  ↔  ↔  ↔ Li at presence  Li3N.
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